Abstract. Although, as their names imply, vertebrate and invertebrate estrogen receptors [ERs] and estrogen-related receptors [ERRs] are related transcription factors, their evolutionary relationships to each other are not fully understood. We searched recently sequenced genome of Trichoplax, the simplest known animal, and genomes from three lophotrochozoans: Capitella, a worm, Helobdella robusta, a leech, and Lottia gigantea, a snail, to elucidate the origins and evolution of ERs and ERRs. BLAST found an ERR in Trichoplax, but no ER. BLAST searches of the lophotrochozaons found ERRs in all three and invertebrate ERs in Capitella and Lottia, but not in Helobdella. These database searches and a phylogenetic analyses indicate that invertebrate ERs arose in a protostome, and vertebrate ERs arose later in deuterostome.
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has not yet been identified. As a result, the ERR belongs to the orphan receptor group [5, 6] in the nuclear receptor family of transcription factors [7] [8] [9] [10] .
An explanation for the absence of steroid binding by ERRs came from analysis of the crystal structures of human ERRα [11, 12] and ERRγ [13] , which showed that the ligand binding site is too small to accommodate a steroid [11] [12] [13] [14] . Unlike the ER, the ERR does not require a ligand to become transcriptionally active. The ERR is constitutively active in cell assays [1] [2] [3] [4] [5] .
In the last few years, there has been progress in beginning to elucidate ERR functions, which include regulating bone formation [2,3, 15, 16] and mitochondrial biogenesis [16] [17] [18] .
Complicating understanding the evolution of ERRs and vertebrate ERs was the cloning in the last five years of several invertebrate ERs from mollusks [19] [20] [21] [22] [23] . Invertebrate ERs have about 35% sequence identity and 55% positive matches with the estrogen-binding domain in human ERα. Similar to ERRs, invertebrate ERs do not bind estradiol with high affinity, in contrast to vertebrate ERs, which are activated by 0.2 nM estradiol [24] . Also, similar to ERRs, invertebrate ERs are constitutively active transcription factors in cell assays [19, 21, 22] . A biological function for invertebrate ERs has not been reported.
The phylogenetic relationships of vertebrate and invertebrate ERs to each other and to
ERRs are still not fully understood [9, 15, 16, 19, 21] Trichoplax, which is considered to be the simplest metazoan [28, 29] and of three lophotrochozoans: Capitella, a segmented worm, Helobdella, a leech and Lottia, a snail.
As reported here, BLAST [30] 
Methods
BLAST [30] was used to collect ERR and ER sequences from the JGI server and GenBank. A multiple alignment of ERs and ERRs was done with Clustal X 2.0 [31] using the iteration option for each alignment step in the multiple alignment. This alignment was converted to a phylogenetic tree using the neighbor-joining algorithm [32] Column 1 lists the five entries that were retrieved, two of which correspond to the ligand-binding and DNA-binding domains of human ERRγ. Columns 2 and 3 show the highest scoring entry in GenBank and its BLAST score. Column 4 shows the % identities, positives, which include identities and conservative replacements, and the gaps in the BLAST alignment.
We focused the rest of our analyses on the relationship of the Trichoplex ERR ancestor to invertebrate and vertebrate ERRs and ERs. BLAST searches of the JGI server retrieved ERRs from Capitella, Helobdella and Lottia, and an invertebrate ER from Capitella and Lottia.
BLAST did not find an invertebrate ER in Helobdella. BLAST search of the JGI server retrieved an ERR from Daphnia, a water flea. BLAST did not find an invertebrate ER in Daphnia. We also used BLAST to retrieve invertebrate ER sequences from Aplysia californica, Octopus vulgaris, oyster, and two snails: Thais clavigera [22] and Marisa cornuarietis [23] and ERR sequences from M. cornuarietis, Apis mellifera, and Drosophila melanogaster.
Invertebrate ERs evolved in lophotrochozoans
To clarify the evolutionary relationships of various invertebrate and vertebrate ERRs and ERs, we constructed a phylogenetic tree of their ligand-binding domains as shown in Figure 1 
Figure 1. Phylogenetic analysis of invertebrate and vertebrate ERs and ERRs.
ERs and ERRs were aligned with Clustal X 2.0 [31] , using the iteration option for each alignment step in the multiple alignment. The phylogenetic tree was constructed with the neighbor-joining algorithm [32] with a correction of branch lengths for rate heterogeneity between sites. Branch lengths are proportional to the distance between proteins. Shown at the nodes are bootstrap values for each branch of the tree, which is the percent this cluster was found in the 1,000 bootstrap trials. Branches with bootstrap values that are greater than fifty percent are significant. Node A is 0.1 unit from node B, the common ancestor of protostome and deuterostome ERRs, and 0.35 units from node C, the common ancestor of protostome and deuterostome ERs. Node D, the ancestral invertebrate ER, is 0.1 unit from node C, while node E, the ancestral vertebrate ER, is 1.1 units from node C.
The evolution of invertebrate ERs from an ERR-like ancestor is consistent with functional similarities between invertebrate ERs and vertebrate ERRs. Both vertebrate ERRs and invertebrate ERs are constitutively active and do not bind estradiol. The crystal structures of human ERRs [11] [12] [13] [14] and a 3D model of octopus ER [33] indicates that their ligand-binding domains are too small to accommodate estradiol.
A steroid-regulated ER evolved in a deuterostome
Node E, the ancestral vertebrate ER, is 1.1 units from node C, which is 11X more longer than the distance between node D and node C. This larger evolutionary distance is consistent with differences between vertebrate and invertebrate ERs in ligand-binding and dependence on a ligand for transcriptional activity. The absence of an invertebrate ER outside of lophotrochozoans and the absence of an invertebrate ER in the recently completed sea urchin genome [34] indicate that a steroid-binding ER evolved in deuterostome [25, 26] , which would mean that vertebrate and invertebrate ERs have two distinct ancestors.
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